Context: Bone turnover is increased in acromegaly. Despite normalization of bone turnover after treatment, the risk for vertebral fractures remains increased. Gonadal status, but not BMD, is correlated with vertebral fractures. Trabecular bone score (TBS) is related to bone microarchitecture. Objective: The aim of this study is to assess the longitudinal change in TBS and BMD following treatment for acromegaly. Design, Setting, Patients, Interventions, and Main outcome measures: This longitudinal study included 48 patients with acromegaly between 2005 and 2015. BMD, TBS, and markers for bone turnover (P1NP and CTX-1) were measured at baseline and following treatment. Results: Following treatment, the mean TBS decreased by 3.0 (±7.0) %, whereas the BMD at the lumbar spine (LS) increased by 3.2 (±4.9) % (both P < 0.01). The changes in BMD LS and TBS were not correlated (P = 0.87). The TBS change was found to be −4.5 % (±6.7; P = 0.003) in men and −0.3 % (±6.8; P = 0.85) in women (P = 0.063 for interaction men vs women). The mean BMD LS increased in men +4.2 g/cm 2 (±4.3; P < 0.001), but not in women +1.5 g/ cm 2 (±5.6; P = 0.36); (P = 0.073 for interaction). BMD increased in the ultradistal radius and total body (both P < 0.01). The increase in BMD LS was associated with a decrease in P1NP and CTX-1 (P < 0.001) and with lower P1NP and CTX-1 at the follow-up (P < 0.02). Conclusion: Treatment of acromegaly affects TBS and BMD at LS in different manners. The reduction of bone turnover markers predicts the increase in BMD but not the decrease in TBS. The DXA changes were more pronounced in men. Alterations in trabecular bone architecture may explain the persistent fracture risk despite the increase in BMD after disease control.
Introduction
Acromegaly is a rare and insidious disease characterized by overproduction of growth hormone (GH) almost exclusively caused by a pituitary adenoma and consequently increased insulin-like growth factor 1 (IGF-1) (1) . GH and IGF-1 are important regulators of bone growth modeling and remodeling (2) . In patients with acromegaly, active disease is associated with increased bone turnover (3) , and this condition is considered as one of the causes of secondary osteoporosis that can lead to increased fracture risk and therefore increased morbidity and mortality (1) . Low bone mineral density (BMD) is an accepted surrogate marker for fracture risk (4) . Evaluating the predisposing factors for the increased fracture risk in patients with acromegaly is important when making personalized follow-up recommendations to prevent or treat low-energy fractures in these patients.
Data on BMD in acromegaly are conflicting; however, the effects of non-physiological secretion of GH and IGF-1 appear to affect the bone quality negatively (5, 6) . Despite normalization of bone turnover following treatment of acromegaly, the risk for vertebral fractures is still increased (5, 7) . One might assume that trabecular and cortical bones are differently affected by GH disorders, due to various sensitivity to the GH excess in trabecular and cortical bones. Previous studies have revealed a differential effect of GH excess on the axial (70% trabecular bone) and appendicular skeleton (90% cortical bone) (8) and have suggested that the bone density might be inconsistent in relation to the bone area. As BMD reflects only bone quantity, and bone quality has been shown to be altered in acromegaly (9, 10) , the fracture risk may be underestimated by BMD (5) . Biochemical markers of bone turnover can provide further reliable information on the changes in the bone remodeling, also in a high turnover state as acromegaly (11) . Accordingly, we have previously demonstrated reduced trabecular biomechanical competence in patients with active acromegaly (12) , indicating that patients with acromegaly were predisposed to develop vertebral fractures independently of BMD. Therefore, it is important to explore non-invasive methods to assess bone microarchitecture and quality rather than just BMD in acromegaly (9) .
As BMD alone only provides a measure on bone density, but does not assess the structural characteristics of the bone, a new and non-invasive technology, trabecular bone score (TBS), has been developed (13) .
The TBS score gives an evaluation of bone microarchitecture based on the DXA image of the lumbar spine (LS). TBS is an analytical tool that performs graylevel texture measurements on DXA image of the LS and thereby captures information relating to trabecular microarchitecture (14, 15) . Previous studies have demonstrated that TBS correlates with three-dimensional bone microarchitecture parameters, such as connectivity density and trabecular number, and negatively with trabecular separation (16, 17) .
The external and internal architectures of bones are important factors for the distribution and transmission of loads (18) . A combination of structural and densitometric indices might potentially provide a more accurate assessment of bone quality (19) . TBS can be of importance where DXA results are in conflict with the clinical presentation. One reason for the discrepancy may be the presence of factors affecting not only bone density but also bone strength, such as bone microarchitecture, macro-geometry of the cortical bone, and bone turnover. TBS might provide information beyond and independently of BMD.
Disease control in acromegaly does not seem to reverse the increased fracture risk (7) . Increased knowledge of the quantitative and qualitative processes in the skeleton of patients with acromegaly during treatment is necessary in order to develop strategies for prevention and treatment of the increased fracture risk.
Therefore, the primary aim of this study is to assess the longitudinal change of vertebral cancellous bone microarchitecture as assessed by TBS and site-matched BMD before and following treatment for acromegaly. The secondary aims are to study the BMD change in other compartments assessed by DXA and thereby enhance the understanding with correlations to biochemical markers of disease activity and bone turnover.
Subjects and methods

Population, baseline characteristics, and treatment
A total of 48 treatment-naïve patients with active acromegaly diagnosed at the Oslo University Hospital between 2005 and 2015 were included in the study. The diagnosis was based on clinical symptoms and confirmed by an elevated, age-adjusted IGF-1 level and failure to suppress GH by an oral glucose tolerance test. The inclusion criteria were (1) availability of a DXA scan at baseline (all patients, n = 48) and (2) either after primary somatostatin analogue (SA) treatment at 6-12 months (SA visit) (n = 17) and/or after transsphenoidal pituitary surgery at 12 months (1 yrPO visit) (n = 38). Of the total number of patients, seven had DXA available both at SA and 1 yrPO visit. Patients were defined as hypogonadal during the study period if they did not receive any ethinyl estradiol or testosterone treatment and had serum estradiol, in female, and testosterone and/or free testosterone index (total testosterone/SHBG*10), in male, below the reference values. Accordingly, nine female and one male patient were hypogonadal; the rest of the patients were defined as eugonadal.
Blood samples were drawn in the morning after an overnight fast, and serum was collected and stored at −80°C until analyzed.
Disease activity and biochemical assays
Plasma GH and IGF-1 were measured by immunoassay (IMMULITE 2000; Siemens Healthcare) (20) . Sex steroid and gonadotropin analyses were performed by an accredited laboratory (Department of Medical Biochemistry, Oslo University Hospital Rikshospitalet, Norway) according to standard methods. Crosslaps, C-terminal telopeptides of type I collagen (CTX-1) was analyzed as a bone resorption marker and propeptide of type I procollagen (P1NP) as a bone formation marker. The bone markers were analyzed consecutively in duplicates in one run in order to minimize analytical variability. Serum CTX-1 was determined by an enzymelinked immunosorbent assay (ELISA; Immunodiagnostic Systems Nordic, Denmark). Serum P1NP (UniQ P1NP; Orion Diagnostica, Espoo, Finland) and 25-hydroxyvitamin D (25(OH) D) (DiaSorin, Stillwater, MN, USA) were quantified by radioimmunoassay (RIA). According to the manufacturers, the reference values for P1NP and CTX-1 in adults are <85 µg/L and <0.291 µg/L respectively. Intra-and inter-assay coefficients of variation were <10% for all assays. Serum for analyses of CTX-1, P1NP, and 25-hydroxyvitamin D was available in 46 patients at baseline, 14 patients at SA visit, and 33 patients at 1-year PO visit.
BMD measurements
BMD was determined by DXA at the lumbar spine (LS), anterior-posterior projection (BMD LS; L1-L4), bilateral proximal femur, total hip, and femoral neck; in the nondominant forearm, ultradistal radius, and proximal third of radius (proximal radius); and total body. A narrow fan beam GE Healthcare Lunar Prodigy densitometer was used and all the scans were analyzed using software version 14.10 (GE Healthcare Lunar Corp). No hardware changes were made during the study period. BMD LS was calculated as the mean value of the single vertebrae in each patient, after vertebrae with severe compression fractures were excluded. Only scans with at least two nonfractured vertebras were considered. All the analyses and the exclusion of compressed vertebra(e) were performed by an ISCD (The International Society for Clinical Densitometry) Certified Clinical Densitometrist (KG).
Absolute BMD values (g/cm 2 ) and BMD Z-scores were estimated by comparison to the reference population incorporated in the software suitable for clinical use in the Norwegian population (21) . Calibration of the DXA machine was performed daily using a calibration block consisting of tissue equivalent material with three bones, simulating chambers, as supplied by the manufacturer (22) . The short-and long-term coefficients of variation for our densitometer were 0.8% and 1.4% respectively. The precision error at LS was about 1% (23) , and according to the manufacturer, the determination of BMD total body has a precision error of ~0.5%.
Assessment of TBS
Spine TBS parameters were extracted from DXA L1-L4 images by using TBS iNsight software (v2.1.2.0; Medimaps Group, Geneva, Switzerland).
TBS is a textural index that evaluates pixel gray-level variations in the LS using two-dimensional (2D) projection images derived from the BMD DXA image. TBS represents an indirect index of trabecular microarchitecture (24) . Based on experimental variograms of the projected DXA image, TBS has the potential to discern differences in 3D microarchitecture between 2D DXA measurements that are similar to each other (14, 24) . BMD and TBS analyses were performed on the same vertebrae and same region of interest, so that the results can be directly compared. TBS at LS has a short-term in vivo precision of 1.12-1.9%.
Although TBS was assessed for each vertebra, the reported TBS value represents the average of L1-L4 after exclusion of vertebra(e) with severe compression fracture.
The following range for TBS values in postmenopausal women has been proposed (24): TBS ≥1.350 is considered normal; TBS between 1.200 and 1.350 is considered to be consistent with partially degraded microarchitecture; and TBS ≤1.200 is considered as degraded microarchitecture. These cutoff points were established by a working group of TBS users from different countries, (25) by analogy with the three BMD categories, normal bone mass, osteopenia, and osteoporosis. A normal range for TBS in men has not yet been established (26) .
Ethics
The study was approved by the Regional Ethics Committee for Southern Norway and was performed according to the Declaration of Helsinki. Written informed consent was obtained from all patients.
Statistical analysis
Descriptive data were presented as mean (±s.d.) if normally distributed (Shapiro-Wilk test) and as median (25, 75 percentile) if not. Difference between time points (before and after treatment) for each parameter was assessed by paired sample t-test or Wilcoxon signed-rank test.
Interactions depending on gender and gonadal status were calculated by testing for significant differences in changes over time. Correlations between continuous variables were assessed by Pearson's and Spearman's correlation coefficient. Parametric correlation coefficients and P-values were indicated by lowercase letters (r; p) and non-parametric correlation coefficients by uppercase letters (R; P). All statistical analyses were performed using SPSS, version 22.
Results
Patient characteristics
Totally, 48 patients with acromegaly were diagnosed at a mean age of 47.7 (±14.6) years. Baseline characteristics, biochemical measurements, BMI, BMD, and Z-scores are presented in Table 1 . Baseline demographics in the subcohorts (SA and 1 yrPO) were not significantly different.
In patients assessed 1 year postoperatively (1 yrPO), IGF-1 decreased from 109.4 (±43.1) nmol/L to 35.2 (±19.2) nmol/L and GH from 6.7 (3.1; 15.8) µg/L to 0.9 (0.4; 2.7) µg/L (all P < 0.001).
In patients assessed after primary SA treatment, IGF-1 decreased from 125.7 (±31.3) nmol/l to 71.5 (±30.7) nmol/L and GH from 15.5 (7.7; 34.5) µg/L to 2.7 (1.3; 4.3) µg/L (P < 0.001).
Biochemical markers of bone turnover
Median baseline P1NP and CTX-1 concentrations were elevated compared with reference values, 90 (58; 127) µg/L and 0.97 (0.69; 1.83) µg/L respectively. Mean 25(OH) D was 47.2 (±16.9) nmol/L at baseline. At 1 yrPO visit, median P1NP concentration decreased from 73 (56; 136) to 27 (17; 36) µg/L (P < 0.001) and CTX-1 concentration from 0.86 (0.60; 1.79) to 0.36 (0.22; 0.54) µg/L (P < 0.001) ( Fig. 1) .
At the SA visit, the bone turnover markers were also decreased compared with baseline: P1NP decreased from 113 (91; 152) µg/L at baseline to 49 (36; 77) µg/L; CTX-1 decreased from 1.82 (1.24; 2.31) to 0.77 (0.37; 1.24) (P < 0.01) (Fig. 1) .
The changes in IGF-1 and in biochemical markers of bone turnover were positively correlated (Fig. 2) . The correlation coefficients (r) between the relative reduction of IGF-1 to bone markers (CTX-1 and P1NP) were 0.57 (P = 0.034) and 0.77 (P = 0.001) at SA visit and 0.57 (P = 0.001) and 0.49 (P = 0.005) at 1 yrPO visit. 25(OH) D did not change from baseline to any of the follow-up visits.
Bone mineral measurements
At baseline, the mean Z-scores did not differ from the zero, in LS, femoral neck, total hip, ultradistal radius, and total body, indicating no significant differences in patients to the age-matched reference population. In the proximal radius, the Z-score was −0.60 (95 % CI: −0.98 to −0.22; P = 0.003) ( Table 1) . At 1 yrPO visit, BMD LS, BMD ultradistal radius, and BMD total body had increased compared with baseline (BMD LS: +3.2 (±4.9) %; P < 0.001 for all), and there was a trend toward an increase in BMD hip and BMD proximal radius (P < 0.1), whereas BMD femoral neck did not change significantly (Table 2) .
At SA visit, only BMD LS increased significantly (Supplementary Table 1 , see section on supplementary data given at the end of this article).
Trabecular bone score
Mean TBS at baseline (n = 48) was 1.324 (±0.151) and decreased significantly in the 1 yrPO cohort from 1.331 (±0.147) to 1.288 (±0.137) (P = 0.007; Table 2 ). The changes in BMD LS and TBS were not correlated (r = 0.03; P = 0.87). Baseline TBS was neither correlated with baseline BMD LS nor to the TBS change (r = 0.28, P = 0.09; r = −0.04, P = 0.79).
Changes in TBS and BMD were different in women and men
TBS decreased in men (−0.065 (±0.094) P = 0.003 for change) but not in women (−0.006 (±0.085); P = 0.78 for change) (Fig. 3) corresponding to a reduction of 4.5 (±6.7) % in men and 0.3 (±6.8) % in women respectively. There was a trend toward a difference between the changes in men vs women (P = 0.063 for interaction between gender groups). The mean BMD LS increased to +0.050 g/cm 2 (±0.051; P ≤ 0.001 for change) in men and +0.016 g/cm 2 (±0.061; P = 0.35) in women ( Fig. 3) corresponding to an increase of 4.2 (±4.3) % in men and 1.5 (±5.6) % in women. There was a trend toward interaction depending on gender (P = 0.073).
If the cohort was analyzed stratified by gonadal status, TBS decreased in eugonadal subjects (−0.05 (±0.08); P = 0.001), but not in hypogonadal subjects (−0.02 (±0.14); P = 0.7; interaction between groups: P = 0.36, Fig. 4) . BMD LS increased significantly by 0.047 (±0.050) g/cm 2 (P < 0.001 for change) in eugonadal patients (23 males and five females). In hypogonadal patients (one male and nine females), no significant change was detected (−0.005 (±0.066) g/cm 2 ; P for change = 0.83, Fig. 4 ). There was a significant interaction depending on gonadal status (P = 0.048). Correspondingly, there was a greater increase in mean BMD total body in the eugonadal vs hypogonadal group (eugonadal: +0.049 (±0.050) g/cm 2 ; hypogonadal: +0.017 (±0.027) g/cm 2 ; P = 0.036 for interaction).
Other parameters associated with change in DXA parameters 1 year postoperatively
Older patients tended to have a larger decrease in TBS (r = 0.28; P = 0.093), although there was no association between age and change in BMD LS (r = 0.09; P = 0.6). High TBS at baseline was associated with larger decrease in TBS (r = 0.43; P = 0.007). 
Figure 3
Gender difference in change in TBS and BMD lumbar spine.
TBS decreased in men but not in women. There was a trend toward a significant difference between the changes in men vs women (P = 0.063 for interaction between gender groups). BMD increased in men but not in women (P = 0.35 for interaction). (*P < 0.05). Data are presented as mean ± s.e.m.
The change in TBS was not significantly associated with any of the tested variables (GH, IGF-1, BMI, bone markers, 25(OH) D, BMD LS or change in BMD LS, and bone markers or IGF-1).
The increase in BMD LS was associated with BMI at baseline (r = 0.52; P = 0.001), low absolute values of bone turnover markers after treatment (P1NP: r = −0.60; P < 0.001; CTX-1: r = −0.39; P = 0.024), and the % decrease of bone turnover markers (P1NP: r = 0.47; P = 0.007; CTX-1: r = 0.49; P = 0.005).
Discussion
In the present longitudinal study of patients with active acromegaly undergoing treatment, a significant decrease in biochemical markers of disease activity was accompanied by an unexpected reduction in TBS for men and eugonadal patients, despite an increase in BMD in most compartments. The increase in BMD following treatment, as an estimate for bone mass, was expected due to the rapid fall in biochemical markers of bone turnover and thereby a closure of the bone remodeling space.
In this study, the rapid fall in IGF-1 was mirrored by a pronounced fall in CTX-1 as well as in P1NP seen already after 6 months of SA treatment, and even more pronounced at the 1 yrPO visit. The biochemical markers reflect bone resorption (CTX-1) and formation (P1NP) and together they describe bone turnover (11, 27) .
Bone turnover and bone area are increased in acromegaly, whereas bone mineral content seems to be unaltered, giving a relative decrease in BMD (11) . The increase in bone area and thereby cortical thickness in the long bones might explain data from register studies, indicating a reduction in peripheral fractures in acromegaly (28) . Bone anabolic agents as GH and IGF-1 are differently distributed in trabecular and cortical bone in patients with acromegaly (29) , and interestingly, the ex vivo strength of trabecular bone was decreased in active disease (12) , in accordance with a reduction in spinal volumetric bone mass by pQCT in uncontrolled patients with acromegaly (30) .
Vertebral fractures are often silent and typically underestimated in frequency. Recently, several studies have shown a marked increase in vertebral fracture prevalence and incidence for both sexes in acromegaly (5, 31, 32, 33, 34) , related to the duration of disease activity and gonadal status among others. These observations underscore the complexity of a chronic and devastating disease as acromegaly, for bone as a target organ with fracture as the ultimate end point (2) .
The only study so far assessing TBS in acromegaly was cross-sectional and showed decreased lumbar spine TBS in patients compared with controls, whereas BMD was not different between the two groups (35) . In our longitudinal study, the mean TBS at baseline was partially degraded according to the definition by the manufacturer, whereas BMD Z-scores in most compartments did not differ from zero. Following treatment, however, an opposite effect on TBS and BMD was found. Bone remodeling is coupled in as well active acromegaly as following treatment (11) , in contrast to for instance endogenous Cushing's syndrome, where bone resorption and formation are uncoupled in the active state, becoming coupled following treatment and remission (36) . It is therefore to be expected that disease control in acromegaly will be followed by a decrease in bone turnover and a filling of the remodeling space followed by a relative increase in BMD (11, 27) , as seen in other endocrine disorders with coupled bone remodeling, following treatment (37, 38) . The decrease in TBS following treatment in this study, despite the increase in BMD, reflects that the two measures describe different properties of bone, especially in other conditions than postmenopausal osteoporosis (4), but are in alignment with the observed high incidence and prevalence of vertebral fractures seen in acromegaly (5, 31, 32, 33, 34) .
GH and IGF-I are important anabolic hormones for bone but chronic excess, as long-lasting, active acromegaly seems to alter bone quality. Accordingly, increased cortical bone mass seems to be due to a direct effect of GH (periosteal apposition (11)) followed by an increase in bone size, but might have a detrimental effect on trabecular bone structure (10, 12, 39) . Prospective studies have demonstrated a high rate of incident vertebral fractures both in patients with active and controlled acromegaly despite a normal BMD (7, 34) , suggesting that BMD has a limited usefulness in discriminating the patients who are posed to a high risk of fracture. Moreover, patients with acromegaly often have degenerative changes in the spine giving a false high BMD (5) . Thus, bone strength depends not only on bone density but also on other dimensions of bones such as bone geometry, cortical thickness, and porosity, as well as trabecular bone morphology (4) .
TBS is related to bone microarchitecture and predicts fracture risk in individuals with conditions related to reduced bone mass or bone quality (24) . In this study, treatment leads to opposite changes in TBS and BMD in the whole cohort, but driven by men and eugonadal subjects. There was no change in TBS and BMD in women and hypogonadal subjects (most of them being women and just one hypogonadal man). Thus, the disease activity might have increased TBS more in the eugonadal patients and the decrease of disease activity leads to a more deleterious effect in these patients. Indeed, a previous study presented that the anabolic effect of chronic GH excess on trabecular bone, as assessed in spinal volumetric trabecular bone mass by single-energy quantitative computer tomography in a longitudinal retrospective study, was detectable only in eugonadal patients, whereas it was not observed in the presence of hypogonadism (30) .
The increase in BMD occurring in men and a simultaneous decrease in TBS indicate that the increased bone density was unevenly distributed within the trabecular bone. Thereby, the increased bone density may not translate as effectively into increased bone stability as in situations where both BMD and TBS increase as in the treatment of postmenopausal osteoporosis (40) .
Although an altered trabecular microstructure could explain the persistent increased risk for vertebral fractures even in controlled patients, our results should be interpreted with caution until a direct association has been proven and the potential errors for TBS in acromegaly accounted for. For example, as TBS is computed from DXA images, any image "noise" can influence the TBS evaluation and excessive soft tissue in the abdomen, overlying the region of interest, may reduce the TBS estimate. It is known that with treatment of acromegaly, although BMI remains unchanged, the patients do accumulate fat, predominantly in the central depots (20, 41) , and this can interfere with TBS estimates and lead to a measurement of a false decrease in TBS.
The strength of this study is the relatively high number of well-characterized patients followed prospectively, although TBS was calculated retrospectively. Some technical limitations of TBS analyses should however be noted. Additional studies, both technical and clinical, should be performed to assess the advantages and limitations of the TBS in order to ensure that it is used appropriately, also in acromegaly, where the disease by itself, but also treatment will have major impact not only on bone tissue but also on surrounding tissue (20) . In order to mitigate this problem in vivo, the TBS calculation is adjusted for BMI. The use of BMI, however, is limited as it cannot distinguish central abdominal weight accumulation, which would influence TBS derived from LS DXA, from adiposity at other sites. Of note, the adjustment in TBS for BMI is optimized when BMI is between 15 and 37 kg/m 2 . Therefore, further longitudinal prospective studies are warranted taking into account prevalent and incident fractures so the TBS is proven to supply additional information about the trabecular microarchitecture. Dysfunctional bone remodeling can result in an increased fracture risk (10) . As demonstrated previously, BMD does not reflect the increased fracture risk in acromegaly (5) . Decreased TBS despite increased BMD might be a marker for dysfunctional bone remodeling. Thus, future studies should include both DXA parameters as TBS and BMD, bone turnover markers, and prospective vertebral and non-vertebral fracture assessment.
In conclusion, this study of patients with active acromegaly undergoing treatment appeared to have different effect on bone measures: (i) treatment of acromegaly affects TBS and BMD at LS in different and opposite manners -this effect is more pronounced in men and eugonadal subjects; (ii) the reduction of bone turnover markers determined the increase in BMD, following treatment; (iii) TBS decreased significantly and unexpectedly independent of BMD and bone turnover markers, following treatment; (iv) alterations in trabecular bone architecture related to the biomechanical properties might be reflected by TBS also in acromegaly and explain the increased fracture risk in these patients, independent of BMD.
